SUMMARY Serial treadmill exercise testing (mean 5.5 tests/patient) was used to evaluate the prognosis of 200 males (mean age 53 years) without clinical heart failure or unstable angina pectoris 3 weeks after acute myocardial infarction (MI). Exercise-induced ischemic ST-segment depression 0.2 mV 3 weeks after MI was significantly more prevalent in patients with subsequent cardiac arrest (100%) or coronary artery bypass graft surgery (64%) than in patients without subsequent events within 2 years of infarction (35%) (p < 0.05). Exercise-induced ventricular arrhythmia on multiple tests 5-52 weeks after MI was more prevalent in patients with recurrent myocardial infarction (90%) than in patients without subsequent events (47%) (p < 0.001). By contrast, exercise-induced ventricular arrhythmia on a single test at 3 weeks was a less powerful predictor of subsequent cardiac events. Exercise-induced ischemia 3 weeks after MI predicted early fatal events, while ventricular arrhythmia on serial testing predicted later nonfatal events.
EXERCISE TESTING has been safely performed in selected patients soon after myocardial infarction' l and has aided in the diagnosis of ischemic and arrhythmic abnormalities and in the formulation of guidelines for physical activity. In contrast, the prognostic significance of early postinfarction exercise testing is not clear. In the course of studying the natural history of recovery from myocardial infarction, we performed serial treadmill exercise testing at various intervals in the year after the acute event. We considered that the yield of ischemic and arrhythmic abnormalities on a single test might be significantly augmented by multiple testing and that early testing might reflect a different phase of the healing process and therefore provide significantly different information from that available at a later phase of con- valescence.
The purpose of this study was: 1) to evaluate the prognostic significance of exercise-induced ischemic ST-segment depression and ventricular ectopic activity in patients free of clinically significant ventricular dysfunction, and 2) to compare the results of single and multiple treadmill exercise testing in the diagnosis of ischemic ST-segment depression and ventricular ectopic activity.
Material and Methods Population
Myocardial infarction was documented by characteristic elevation of serum creatinine phosphokinase (CPK) and oxalic transaminase (SGOT), a history of prolonged chest pain consistent with infarction and the appearance of new Q waves or evolutionary ST changes. Patients with one or more of the following clinical characteristics 3 weeks after hospital admission were not included: l) rest or unstable angina, 2) clinical congestive heart failure or the presence of a ventricular diastolic gallop, and 3) associated medical conditions such as significant valvular heart disease, hypertension > 180/100 mm Hg, or limiting pulmonary disease or musculoskeletal abnormalities. Two hundred males (mean age 53 ± 8 years) with documented myocardial infarction who were free of these limiting factors form the basis of this report. Infarction was inferior transmural in 62% of cases, anterior transmural in 29% and nontransmural in 9% of cases. Eight percent of the patients gave a history of infarction. Mean peak CPK and SGOT levels inhospital were 872 ± 697 and 111 ± 82 IU/I respectively. Normal levels for our laboratories are < 90 and < 40 IU/l, respectively. During the first 5 days of hospitalization, 5% of patients had radiographic evidence of congestive heart failure, defined as a moderate increase in cardiac size or pulmonary congestion, 26% had ventricular tachycardia and 2% had ventricular fibrillation. The mean hospital stay after myocardial infarction was 12 ± 3 days.
Exercise Testing
Symptom-limited treadmill exercise testing was performed 3, 5, 7, 9 and 11 weeks and 6, 9 and 12 months after infarction. Propranolol, procainamide and quinidine were discontinued 18-24 hours before exercise testing and resumed soon afterwards. Tests were performed at least 2 hours after eating or smoking. Before testing, patients were examined by a physician and informed consent was obtained. A physician and a specially trained nurse conducted the test. Twelve-lead ECGs were recorded at rest, at the end of each 3-minute stage of exercise and at 1, 3, 5, 7 and 10 minutes of recovery. In addition, leads V4 to V6 were continuously displayed on a three-channel oscilloscopic monitor and were recorded on magnetic tape for 3 minutes before exercise and during exercise and recovery. A trained technician counted, minute by minute, the premature ventricular complexes (PVCs) observed on the oscilloscope. Exercise was performed on a motor-driven treadmill using a combination of protocols described by Naughton et al.7 (table 1) . Exercise commenced at a workload equivalent to three multiples of resting energy expenditure (mets). Work loads were added every 3 minutes until the appearance of any of the following end points: 1) limiting symptoms, i.e., chest pain, dyspnea, fatigue, leg cramps or dizziness; 2) hypotension, i.e., a fall in systolic blood pressure . 10 mm Hg from the peak value attained earlier during exercise; or 3) ventricular tachycardia, i.e., three or more consecutive PVCs. Neither attainment of an age-predicted maximal heart rate nor the magnitude of ST-segment depression per se were used as end points for testing. A test response was defined as "ischemic" when 0.1 mV or more of flat or downsloping ST-segment depression occurred during exercise or during the 10-minute recovery period. PVCs were designated "simple" when their peak frequency during or after exercise was < 3/minute and "complex" when their peak frequency was . 4/minute or when they occurred in a bigeminal configuration, in couplets or in runs of three or more.
Approximately two-thirds of the tests were stopped because of limiting dyspnea or fatigue, one-sixth because of limiting angina pectoris and one-sixth because of exercise-induced hypotension. Fewer than 1% of tests were terminated because of exerciseinduced PVCs.
The results of multiple tests were pooled to create a score based on the prevalence of ischemia or arrhythmia. For example, a patient with ischemic STsegment depression on two of four tests and PVCs on one of the same four tests was given a score of 50% for ischemia and 25% for arrhythmia. The mean prevalence of exercise-induced ischemia and arrhythmia for all treadmill tests was 30% and 50%, respectively. Follow-up Patients were seen at frequent intervals during the first year after infarction. Thereafter, follow-up was continued by mail or telephone contact with the patient or his physician concerning the occurrence of cardiac arrest, recurrent myocardial infarction or coronary artery bypass graft surgery. Patients were grouped according to the type of coronary event occurring within 2 years of index infarction. The clinical and treadmill characteristics of these subgroups were compared with one another and with those of patients without recurring coronary events in the 2 years after myocardial infarction. Intergroup differences were tested for significance with chi-square, Fisher's exact and t tests.
Results
No complications of exercise testing were noted. Figure 1 describes the follow-up of our patients. Two hundred patients had a treadmill exercise test 3 weeks after infarction; 36 of the 56 patients who have not completed 1-year follow-up are still being followed. Twenty patients have dropped out of the study: 15 for noncardiac reasons (eight declined to participate, four moved from the area, two had orthopedic limitations and one committed suicide) and five for cardiac complications that were not considered end points because of the imprecise nature of the diagnosis in four cases and the iatrogenic nature of the complication in one patient. The treadmill characteristics of these five subjects are described in table 2.
One hundred forty-four patients were followed for 1 year or until the occurrence of one of the following coronary events ( fig. 1 ): cardiac death in three patients (two sudden and one associated with a recurrent myocardial infarction). One patient was successfully resuscitated from ventricular fibrillation. Seven patients sustained a nonfatal recurrent myocardial infarction and 16 underwent coronary artery bypass graft surgery. One hundred seventeen patients had no events within 1 year of infarction; of these, three had a recurrent myocardial infarction and three underwent coronary artery bypass graft surgery during the second year of follow-up. Seventy-one patients had no events within 2 years of infarction and 40 patients have not yet completed 2 years of follow-up.
The median follow-up of the total group was 19 months (range 2-51 months). The 19 patients who underwent coronary artery bypass graft surgery within 2 years of infarction are still alive. Their median followup after surgery was 31 months (range 13-51 months). Table 3 lists selected clinical and treadmill characteristics of four patients who had a cardiac arrest and 10 patients who had a recurrent myocardial infarction within 2 years of their index infarction. Two patients (nos. I and 2) died suddenly 1 and 7 months after infarction, respectively. Patient no. 3 died within 24 hours of massive recurrent infarction 4 weeks after his index infarction. Patient no. 4 was resuscitated from ventricular fibrillation 4 weeks after his index infarction. All four of these patients had an inferior myocardial infarction and no history of prior infarction. Patient no. 2 had radiologic evidence of congestive heart failure and patient no. 4 had ventricular tachycardia in-hospital. The other two patients had no complications during hospitalization. None of these patients took medications during the study. All four patients had ischemic ST-segment depression . 0.2 mV during treadmill exercise testing at 3 weeks. Patient no. 2 had ST-segment depression > 0.2 mV at 11 weeks and both ST-segment depression . 0.2 mV and complex PVCs 6 months after infarction.
Ten patients (nos. 5-14) had a nonfatal recurrent myocardial infarction 1-22 months after their index infarction. The site of index infarction was inferior in PROGNOSIS OF EXERCISE TESTING AFTER MI/Sami et al. The prevalence of exercise-induced ischemic STsegment depression . 0.1 mV was examined in patients subgrouped by the type of event that occurred within 2 years of infarction ( fig. 2 ). Ischemia at 3 weeks was significantly more prevalent (p < 0.05) in the 19 patients who underwent coronary artery bypass graft surgery (64%) and in the four patients who sustained cardiac arrest (100%) than in the 10 patients who sustained a recurrent myocardial infarction (10%) or the 71 patients who had no event within 2 years of their infarction (35%). Five patients had an event before the completion of two tests after the third week.
In the remaining patients, multiple testing after the third week revealed similar intergroup differences in the prevalence of ischemia. Figure 3 illustrates the prevalence of exerciseinduced PVCs in the same four subgroups of patients at 3 weeks and on multiple tests thereafter. At 3 weeks the prevalence of exercise-induced ventricular arrhythmia tended to be higher in the recurrent myocardial infarction group (60%) than in other subgroups, but these differences were not statistically significant (p < 0.10 > 0.05). In contrast, multiple testing revealed a significantly higher prevalence of PVCs in patients with recurrent myocardial infarction (90%) than in patients with no events (47%) (p < 0.001). There were no significant intergroup differences in the prevalence of complex ventricular arrhythmias either at 3 weeks or on multiple tests thereafter. This held true whether complex ventricular arrhythmia was defined in terms of frequency, i.e., four or more PVCs, or in terms of configuration, i.e., bigeminy, couplets or ventricular tachycardia, during any 1 minute of exercise or recovery. Table 6 shows the predictive value of treadmill exercise testing 3 weeks after infarction. The 19 patients who underwent coronary artery bypass graft surgery were excluded from this analysis because of the uncertain impact of surgery on survival and on the rate of Abbreviations: MI = myocardial infarction; VT = ventricular tachycardia; VF = ventricular fibrillation; CHF = congestive heart failure; PVCs = premature ventricular complexes; INF = inferior; ANT = anterior; NT = nontransmural; Qui = quinidine; Nit = nitroglycerin; BB = ,3 blockers; Dig = digoxin; Pr = procainamide; -= test not performed; S = simple (peak frequency < 3/min); C = complex (peak frequency > 3/min or bigeminy, couplets or ventricular tachycardia); St = stable angina; U = unstable angina. recurrent myocardial infarction. The risk of a cardiac arrest or recurrent infarction within 2 years of index infarction in a patient who fits our selection criteria 3 weeks after infarction is 14/85 (16%). This risk was 40% in patients who had ST-segment depression 0.2 mV and only 5% in patients who had neither PVCs nor ST-segment depression an eightfold difference (p < 0.001). In patients with ST-segment depression Abbreviations: CABG = coronary artery bypass graft; CA = cardiac arrest; RMI = recurrent myocardial infarction; VT = ventricular tachycardia; VF = ventricular fibrillation; CHF = congestive heart failure. Our study extends the identification of low-risk patients to the outpatient phase of convalescence. Treadmill testing further stratified the risk of recurrent coronary events in patients without clinically significant left ventricular dysfunction or unstable angina pectoris 3 weeks after infarction.
All four of our patients with cardiac arrest within 2 years of infarction had exercise-induced ischemic STsegment depression . 0.2 mV on treadmill exercise testing 3 weeks after infarction (table 4) . This association was statistically significant ( fig. 2 and table 6 ). In contrast, exercise-induced ventricular arrhythmia was not associated with recurrent fatal events in our population: Only one of four patients with cardiac arrest had exercise-induced PVCs 3 weeks after infarction. Furthermore, this patient had only simple ventricular ectopic activity. In other series, PVCs on ambulatory ECGs recorded in the late hospital phase or early posthospital period after infarction have been associated with an increased incidence of subsequent cardiac death. 8-10, 13, 14, 17, 18, 22-24 The apparent discrepancy between our findings and those of others suggests that PVCs may not carry the same risk in patients with and without clinically significant ventricular dysfunction. Schulze et al.8 found that all sudden cardiac deaths during a mean of 7 months after myocardial infarction occurred in the group with a low ejection fraction (< 0.4) on gated cardiac blood pool scanning 2 weeks after the acute event. In this subgroup, complex ventricular arrhythmias (Lown class III-V) identified those who died during the follow-up. In contrast, complex ventricular arrhythmias were infrequent in the subgroup of patients with an ejection fraction > 0.4 (three of 36) and none died during the follow-up. Because of the method of selection, it is likely that most of our patients would have had an ejection fraction > 0. 4 Kentala25 found that ischemic ST-segment depression appeared earlier during exercise and was of greater magnitude in postinfarction patients who died suddenly than in patients whose deaths were not sudden (p < 0.025). The prevalence of patients with exercise-induced ventricular arrhythmia in Kentala's study was not significantly different in patients who died suddenly and in patients whose deaths were not sudden (29% vs 21%).
In our study, patients with recurrent nonfatal myocardial infarction within 2 years of their index infarction had a higher prevalence of exercise-induced ventricular arrhythmias than those without recurrent events. Among patients with recurrent infarction, complex exercise-induced ventricular arrhythmia was no more prevalent than simple ventricular arrhythmia (table 3) . This is in contrast to the results of ambulatory electrocardiography, in which complex arrhythmias are more closely related to prognosis than simple arrhythmias in postinfarction patients. 8 22 The relationship of exercise-induced PVCs to recurrent myocardial infarction was not apparent on a single test at 3 weeks but was highly significant on multiple testing thereafter ( fig. 3) . There are three possible explanations for this phenomenon. 1) The predictive power of an exercise test may be inversely related to the interval by which it precedes a cardiac event. Because most recurrent infarctions in our study occurred after the third month of follow-up, the 3-week test may have been less sensitive than later tests in predicting these complications.
2) The magnitude of the cardiovascular response at 3 weeks was substantially less than at a later phase of convalescence. 3) Because of the well-known spontaneous variability of exercise-induced ventricular arrhythmias,26 30 multiple testing is more likely to clarify their relationship to a clinically-related outcome.
The impact of coronary artery bypass graft surgery has not been considered in most studies dealing with prognosis after myocardial infarction. Patients who underwent coronary artery bypass graft surgery in our study had a significantly higher proportion of ischemic treadmill exercise test results than those without events within 2 years of infarction ( fig. 1 ). This finding is not surprising, for the presence of ischemic STsegment depression may have contributed to the decision to perform coronary surgery. However, most of the patients who underwent coronary artery bypass graft surgery had three-vessel disease and angina pectoris (table 4) , and some might have developed cardiac arrest or recurrent myocardial infarction had they not undergone surgery. Therefore, the apparent lack of association between treadmill-induced ischemia and recurrent myocardial infarction in our study may be explained by the selection process for surgery, in which patients with relatively more severe disease were removed from their natural course. Although the impact of coronary artery bypass graft surgery on prognosis is controversial, a recent study suggests that this operation may favorably alter the prognosis of certain groups of patients with coronary artery disease.31 It is therefore important not to ignore this intervention when dealing with long-term prognostic studies of patients with coronary artery disease. 3) Exercise-induced ventricular ectopic activity or ischemic ST-segment depression (. 0.2 mV)11 weeks after infarction identifies patientswith an increased risk of subsequent coronary events. Such patients may also require further diagnostic evaluation.
4) The absence of ventricular ectopic activity or ischemic ST-segment depression (. 0.2 mV)11 weeks after infarction identifies a group of patients with an excellent prognosis. These patients appear to require little further diagnostic evaluation within 2 years of their acute myocardial infarction.
